Abstract-Recent research has proven that network coding has great potential to improve network throughput in wireless networks. To fully exploit the performance gain brought by network coding, coding-aware routing has been studied to proactively change route of flows for creating more coding opportunities. However, in today's multi-rate wireless networks, coding may not be a wise decision as the lowest rate has to be used for coded information broadcasting, which causes significant resource waste for the high-rate links. In this paper, we propose the idea of cooperative network coding (CNC) to exploit spatial diversity for improving coding opportunity. We provide a theoretical formulation for calculating the maximal throughput of unicast traffic that can be achieved with CNC in multi-rate wireless networks. CNCaware routing under both Alice-Bob and X-structure are discussed in this paper. The performance evaluation demonstrates that a CNC-aware route selection scheme that leverages cooperative communication to improve coding opportunity leads to higher end-to-end throughput comparing with the coding-oblivious and traditional coding-aware schemes.
I. INTRODUCTION
Network coding is an innovative technique for improving potential network throughput and robustness [1] . There is an increasing interest in understanding the potential performance gains accruing from the use of network coding in wireless networks. The performance gain achieved by network coding for both unicast and multicast traffic have been investigated in the past several years [2, 3, 4] . Fundamentally, adopting network coding in wireless networks is trying to explore the wireless broadcast advantage so as to reduce the number of needed transmissions and the fraction of channel time that is required by a single transmission, and thereby increase the overall network throughput.
The basic idea of how network coding can improve the network performance in wireless networks can be illustrated in the typical "Alice-Bob structure" and "X-structure". For "Alice-Bob structure" case (shown in Fig. 1 ), Alice wants to send packet A to Bob, while Bob wants to send packet B to Alice. Due to transmission range limitations, both of the packets have to be relayed via the router R. Using standard techniques of packet forwarding, four wireless transmissions are needed to complete the end-to-end packet transfers, which can be illustrated in Fig. 1(a) . In comparison, using a simple form of network coding (throughout this paper, we use XOR), three wireless transmissions instead of four are needed (shown in Fig. 1(b) ). Similar coding gain can be achieved in "Xstructure" with opportunistic listening (shown in Fig. 2 ), where node X has a packet A for node Y and node M has a packet B for node N. Here, by opportunistic listening, it means that each node can turn into a promiscuous mode to snoop on all packets communicated by its neighbors [2] . In Fig. 2 , by coding, such a message exchange can be done with only three transmissions instead of four, as follows. After X transmits A and M transmits B, the router R broadcasts coded packet A⊕B. Assume that N can overhear A opportunistically when it is transmitted by X, and Y can overhear B opportunistically when it is transmitted by M. Then, upon receiving the coded packet A⊕B, both Y and N can successfully decode the proper A and B packets, respectively.
From the above figures we can see that, network coding can help to significantly improve the overall system capacity. However, we can also see that, the coding opportunities depend on the occurrences of Alice-Bob and X-structures formed in the transmission paths. Thus, performance gain can be obtained when taking coding opportunities into account while selecting the transmission route. This is the fundamental idea that drives coding-aware routing [5] [6] [7] [8] . Take the following example shown in Fig. 3(a) . There already exits one flow from node A to node E with the route A B D E. A new flow from node F to node B requests to access the network. With traditional link-quality (or interference aware) routing strategy [9, 10] , the optimal route should be F E C B. Now suppose that network coding is allowed, it turns out that the route F E D B provides better performance, as coding opportunity in node D can be fully leveraged. However, in all the existing coding-aware routing design, there is no discussion related to the multi-rate wireless environment, which is the major focus of our paper. Most of the commodity wireless cards have the capability of conducting adaptive modulation to adjust the link rate in response to the channel condition. This multi-rate capability has been defined in many standards such as IEEE 802.11, HiperLAN2, etc. When taking multi-rate into consideration, more coding opportunities are not necessarily mean higher throughput. Look at the same topology with different link rates as shown in Fig.  3(b) . The numbers on each edge denote the maximum transmission rate and the available bandwidth of the corresponding link, respectively.
In this example, without network coding, the optimal route should be F E C B, under which the total throughput of the two flows are 1.5Mbps considering link contention. Now suppose network coding is allowed, we will check whether we should proactively adjust the route for more coding opportunities. If the route F E D B is selected, we can see there is coding opportunity in node D. However, here D can only code the two flows together and broadcast using the minimal rate of the two outgoing links, which is 2. Then, the total throughput is 1.5Mbps, which is equal to the non-network coding result. Thus, in this example, coding aware routing provides no endto-end throughput gain compared with traditional routing. The key reason is that the high-rate links cannot be fully utilized as the lowest-rate link became the bottleneck for broadcasting transmission rate selection.
To solve this capacity waste problem and really explore the performance gain by network coding, in this paper, we consider using cooperative communication to enhance the coding opportunities. Cooperative communication is a physical layer technique which exploits spatial diversity to increase transmission reliability [11, 12] . The core idea of cooperative communication is that when the channel quality between the source and the destination is not good enough (like E to D in Fig.3(b) ), use another relay node (C in Fig.3(b) ) which has a better channel condition to the destination to cooperatively transmit data with the source node. In such a virtual multiple antenna system, the capacity of the cooperative link is much larger than that of the original link from sender to receiver, thus, the overall system capacity can be dramatically improved by exploiting spatial and user diversity. Particularly, suppose (a) Single-rate topology.
(b) Multi-rate topology. Fig. 3 . The illustration about coding-aware routing.
simple repeated coding technique is used in node C, C cannot receive and transmit simultaneously, thus the effective data rate of the cooperative link should be 3Mbps. Then, under the route F E D B, the total throughput of the two flows is 2Mbps, which achieves 33.3% throughput gain. If more advanced cooperation technique (such as space-time coding) is supported, higher performance gain can be achieved.
Exploiting the idea of cooperative communication, for a router that has unbalanced outgoing links in terms of link quality, a cooperative relay node can be selected to form a cooperative link with which the coded packet can be transmitted with a higher rate. As low-rate link is the bottleneck for the broadcasting, the broadcasting transmission rate can be improved and therefore the overall network throughput can be enhanced due to cooperative network coding (CNC).
In this paper, we focus on applying CNC to a wireless network where multi-rate is supported. We will answer the question: what is the maximal throughput that can be obtained for a unicast session and give the theoretical analysis for that. Prior work has shown that if the wireless routing protocols can take the coding opportunities into consideration [6] [7] [8] , better performance can be achieved compared with the ones [9, 10] that only aware of interference (and link-quality). However, as we demonstrated in this paper, in multi-rate network, due to the existence of unbalanced outgoing links in a broadcast, the route providing more network coding opportunity is not necessarily with better performance. With the introduction of cooperative network coding, the data rate of the low-rate link can be increased with the help of relay node, which in turn eliminate the bottleneck link within broadcasting. Since the cooperative network coding provides more opportunity for the whole network, the routing scheme under such a CNC-aware network should be revisited to exploit the benefit of spatial diversity, opportunistic listening, coding and cooperation. This is the core focus of this paper.
The main contribution of this paper includes the following aspects. First, in this paper, we are the first to propose the idea of exploiting cooperative network coding for route selection to enhance the overall network performance. A detailed analysis for achieving maximal throughput by leveraging CNC-aware routing is presented. Second, a joint cooperative coding-aware and interference-aware routing algorithm under multi-rate wireless networks is proposed. Two different coding structures (Alice-Bob structure and X-structure) are considered. Third, according to the simulation results, some inspiration is achieved regarding to the tradeoff of spatial diversity, coding opportunity and interference avoidance.
Note that in this paper we do not target at proposing a concrete coding or routing scheme, instead we mainly focus on theoretical analysis to quantify the potential performance gain brought by exploiting cooperative network coding in route selection. We believe our work provides interesting insights to design concrete routing protocols for future work.
The rest of the paper is organized as follows. The problem formulation is presented in Section II. In the following two sections, the cooperative network coding aware routing under Alice-Bob and X structures are discussed, respectively. Numerical result is given in Section V. In Section VI, some related work is introduced and finally the paper is concluded in Section VII.
II. PROBLEM FORMULATION
As mentioned in Introduction Section, we can clearly see that under multi-rate wireless networks, transmission route should be re-selected so as to exploit the benefit of cooperative network coding. In this paper, we would like to provide a theoretical formulation for maximizing the transmission throughput. To achieve this target, in this section, we will define the notations needed for problem formulation. To support cooperative communication, generalized network topology graph is constructed which consists traditional links and cooperative links, and cooperative transmission rate is calculated for each cooperative link. Under generalized network topology graph, cooperative path is defined and network flow model is constructed to describe a potential path in the graph. For a router conducting cooperative network coding, the cooperative broadcast rate is calculated and finally generalized conflict graph is constructed to describe the contention relationship between cooperative links.
A. Generalized Network Topology Graph
In traditional wireless networks, the network topology, given by the nodes and the links corresponding to pairs of nodes within transmission range, is modeled as a graph G = (N, E) with node set N and edge set E. Each edge e E ∈ has a highest transmission rate R(e) which denotes the highest rate at which packets can be transmitted on the corresponding link under certain packet error probability.
When cooperative communication is leveraged, the edges denoting cooperative transmissions should be created and the network topology graph should be reconstructed. In this work, it is assumed that at most one cooperative relay node is used for each source-destination pair. For each directed link e = (i, j), if node r is the best relay for it, we define cooperative link as e' = (i, r, j). In such a cooperative transmission, node j combines the transmission of node i and node r together using Maximum Ratio Combining before decoding, under which the signal to noise ratio (SNR) of the combined signal equals to the sum of the two separated signals ( , , ) SNR i r j = ( , ) ( , ) SNR i j SNR r j + . Thus, the rate of the cooperative link e' can be calculated as
where g is the correspondence function between the transmission rate of a link and its SNR requirement, which is related to specific modulation scheme. The factor 1/2 denotes that the transmission of the source and relay node are time-divided, with the first half time used for source transmission and the second for relay transmission. Note that this equation is under the assumption that simple repeated coding is used in cooperation. We will see later through simulation that when synchronized cooperation (such as space-time coding) is supported with opportunistic listening, better performance can be achieved.
is added to the original network topology graph G = (N, E) as an edge from node i to node j with the corresponding rate being R(i, r, j). The same procedure is done for each edge in traditional network topology and finally a new graph G' = (N, E') is constructed, in which N is the original node set with V = |N| number of nodes, E' is the union set of all traditional links and cooperative links, with L = |E'| number of links totally. As the new topology graph G' includes both traditional and cooperative links, it is called generalized network topology graph. To keep the link notation consistent, we use (i, 0, j) to denote the traditional direct link, where 0 means that there is no cooperative relay for this transmission.
B. Path notation and network flow model
We use network flow model to define a feasible path under a network topology. A node-link incidence matrix
is introduced to represent the network topology, where the value of element in row i, column j, a ij ( 
In which, E -(i) and E + (i) denote respectively the sets of incoming and outgoing edges at node i.
A path consisting continuous links e 1 , e 2 , …, e n is defined as 1 2 n P e e e = , and x(P) is defined to be a vector of length L ( ( ) L x P R ∈ ) with the i th element to be
For the k th traffic flow, given the source and the destination node s k and d k , then the flow can be denoted by a vector V k u R ∈ , with the item corresponding to the source to be 1, and the item corresponding to the destination to be -1, while all the other items to be 0. Then, the path P k for flow k should satisfy the following constraint Ax(P k ) = u k . We define k ℜ to be the set containing all the possible solutions of paths P k for flow k.
C. Cooperative Broadcast Rates
In this subsection, we will calculate the broadcast rate and cooperative broadcast rate of a network coded broadcast transmission. When network coding is introduced into the network, to save transmission time, the router broadcasts the coded packets instead of multiple unicast transmissions, and the broadcast rate is bottlenecked by the low-rate transmission. When cooperative communication is exploited to enhance the broadcast rate of the coded packets, the cooperative broadcast rate needs to be reinvestigated.
It is assumed that for each wireless link e (including both traditional link and cooperative one), we are given the rate of transmission R e . Let B be a subset of outgoing links at a node. The transmission rate of broadcasting on B can be calculated as follows.
• 
D. Generalized conflict graph
In wireless networks, when a new flow is introduced, some links in this flow may contend with each other, which is called intra-flow contention. Meanwhile, they may also contend with other links served for existing flows, which is called inter-flow contention. A better route selection scheme should try to minimize the performance degradation caused by link contention. To describe the contention relationship among multiple links, conflict graph is usually constructed. Especially, in this subsection, cooperative broadcast based conflict graph is constructed to support cooperative network coding.
A cooperative broadcast transmission at node i on a subset B of its outgoing links is represented as (i, B) and the associated broadcast traffic on it is denoted as y B i . Note that it includes unicast as a special case when the set B consists of only one link. It also includes traditional broadcast transmission as a special case when the set B has no cooperative links. We define the cooperative broadcast conflict graph F as a natural extension of the conflict graph for unicast transmissions. Each node in this graph represents a cooperative broadcast transmission (i, B). Let d(B) denotes the set of destination nodes for the links in broadcast set B and r(B) denotes the cooperative relay node in broadcast set B. Two broadcasts (i 1 , B 1 ) and (i 2 , B 2 ) are defined to interfere with each other, and hence have an edge between them in the cooperative broadcast conflict graph, if at least one of the following cases happens:
• Some node
is within the interference range of i 2;
is within the interference range of
is within the interference range of r(B 2 );
is within the interference range of r(B 1 ). In one word, two cooperative broadcast transmissions interfere with each other when either one of the transmitting nodes or one of the cooperative relay nodes interfere with the destination nodes in the other broadcast set.
Given the cooperative broadcast conflict graph, we now use constraints corresponding to cliques in the conflict graph to formulate the contention relationship. Consider a clique in the broadcast conflict graph. Let C be the set of broadcast nodes (i, B) that correspond to nodes of this clique. The fraction of time that broadcast (i, B) is active can be represented as y
B i /R(B).
Since the broadcasts in C mutually conflict with each other, at most one of them can be active at any given time. This can be modeled by the constraint
After all these preparation works are finished, the route selection problem can be formulated into an optimization problem as shown in next two sections.
III. CNC-AWARE ROUTING UNDER ALICE-BOB STRUCTURE
First, we consider a simplest scenario where only AliceBob structure is allowed when applying network coding, which means that the router can only XOR two packets from two flows which enter and leave the router using the same links but in the opposite directions. We assume that in a wireless network, there already exist several flows, say totally K flows. For each flow k ,1 k K ≤ ≤ , the routing path is P k ，the traffic for this flow is f(P k ). Now H new flows are injected into the network, for each flow h,1 h H ≤ ≤ , the traffic is from source node s(h) to destination node d(h) with the given traffic demand t(h). The possible path set . Because we are discussing network coding under Alice-Bob structure, there are at most two nodes in set B. | | 2 B ≤ . We need to decide its (a) transmission route; (b) network coding rate; (c) cooperative node to exploit the benefit of cooperative network coding, eventually maximize the throughput of all the new flows under the contention constraints and packet decoding constraints. With the above target and constraints, the problem can be formulated as the following optimization problem (in next page).
Here ( ) t h λ denotes the throughput for routing the flow h 
in the network, λ is a fractional variable. For a link e = (i, j, k), e denotes its reverse link ( , , ) e k j i = . The target of the above optimization problem is to maximize the possible throughput of all the incoming flows under the given flow conservation constraint, network coding traffic relationship, and the contention constraint. More specifically, Constraints (1) denote the routing selection constraints. Constraints (2) and (3) denote the maximum encoded traffic can be transmitted in the broadcasting link at node i after network coding. Constraints (4) show the remaining traffic in the original unicast links. Constraints (5) are the contention relationship due to the maximum clique constraints.
IV. CNC-AWARE ROUTING UNDER X-STRUCTURE
Due to broadcast property of wireless media, transmitting packets can be opportunistically overheard by some neighboring nodes besides the potential destination. Therefore, network coding can be used for the networks with X-structure as we discussed in the Introduction Section. Let us revisit the example shown in Fig. 2(b) . For this case, as node N and Y can opportunistically overhear the transmissions from X and M respectively, the message exchange can be done with only 3 transmissions instead of 4. Thus, at least 25% performance gain can be achieved. However, this is under the assumption that single data rate is supported in the system. Suppose multirate is exploited in the network (as in Fig. 4(a) ), after receiving packets from X and M, R can only broadcast the coded packet at the low rate. Thus, the high capacity of link (R, N) will be wasted.
If there is one neighboring node, H, which has high-rate connections to R, Y, and N, then we can leverage node H by cooperative network coding idea (see in Fig. 4(b) ). For a CNC-aware network, the corresponding coding structure can be represented as: e 1 = (X, 0, R), e 2 = (M, 0, R), e 3 = (R, H, Y), e 4 = (R, H, N) , in which e 3 and e 4 are cooperative links. While node R transmits the coded packet, the cooperative node H will help it as a cooperative relay. In the first half of the slot, node R broadcasts the coded packets, and then in the second half, node H transmits the packet it overheard before. Finally, node N and node Y combine the two transmissions and decode the coded packets. In such circumstance, the network coding structure can be denoted by S = {e 1 e 3 , e 2 e 4 }. It is noted that Alice-Bob structure is a special case of the X-structure when applying network coding.
We need to pay special attention to the transmitted packets from M or X in Fig. 4(a) , instead of sending packet B to R, if M sent a coded packet B⊕C in the transmission, then, although Y can overhear the coded packet, it cannot know exactly how packet B is like, thus, there will be no coding opportunity in that case. Here the thing that is also very important is that whether the previous node transmitted a native packet or a coded packet. To describe this property, one element is added in set S, and finally it becomes {(e 1 e 4 , n), ( e 2 e 3 , n)}, in which, This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE INFOCOM 2009 proceedings. 
[ By introducing coding structure S, the traffic under more generalized cooperative network coding can be calculated and the route selection problem can be formulated to be a new optimization problem as above. In which, u i (S) denotes the traffic associated with coding structure S at node i -this is the traffic amount associated with each e 1 e 2 link-pair participating in the structure. z i (P k ) denotes the portion of the traffic on path P k for existing flow k that is transmitted as native from node i. z i h (P) denotes the portion of the traffic on path h P ∈ℜ for new flow h that is transmitted as native from node i.
• Constraints (6) are the routing selection constraints.
• Constraints (7) are the portion of traffic that participates in coding from the incoming link e 1 to the outgoing link e 2 as native-received flows at node i. It should be smaller or equal to the amount that was received by t(e 1 ).
• Constraints (8) are the portion of traffic that participates in coding from the incoming link e 1 to the outgoing link e 2 as coded-received flows at node i. It should be smaller or equal to the amount that was injected in minus the amount sent as native packets.
• Constraints (9) are balance constraints for the total traffic injected through link e 1 and exiting through link e 2 at node i. The LHS is the traffic along the link e 1 e 2 of existing flows and incoming flows. The first and second terms on RHS, is the amount of traffic that goes out as native (i.e., does not participate in any coding). The third portion is the amount of traffic that participates in coding as native received flows. The forth portion is the amount of traffic that participates in coding as coded received flows.
• Constraints (10)- (13) are the boundary conditions for the z i (P k ) variables. Constraints (10) and (11) state that the source node of every path transmits the entire traffic on that path as native, since no coding opportunities are available for originating traffic at the source node. Constraints (12) and (13) state that for a given path, the amount of traffic transmitted as native at each node is at most the total traffic on that path.
• Constraints (14) express the unicast traffic variable as the total amount of traffic that is transmitted as native on link e at node i.
• Constraints (15) express the broadcast traffic variable y i B as the total amount of traffic that is transmitted as coded on link set B at node i. This corresponds to the sum of traffic over all coding structures with b(S) = B.
• Finally, as before, constraints (16) are the broadcast transmission scheduling constraints corresponding to cliques in the broadcast conflict graph. We evaluate the performance of the following schemes on a variety of network routing schemes: (1) shortest path routing (SPR); (2) shortest path routing with network coding (SPR-CODE); (3) coding aware routing (CAR) (the same as CA-MPATH-CODE in [7] ), which consists two schemes: CAR-AB, which is under Alice-Bob structure (corresponding to CA-MPATH-CODE without opportunistic listening in [7] ), and CAR-X, which is under X-structure (corresponding to CA-MPATH-CODE with opportunistic listening in [7] ); (4) cooperative network coding aware routing (CNCR), which also consists CNCR-AB and CNCR-X, respectively, corresponding to two different coding structure. Moreover, we use CNCRsyn to indicate the protocol that advanced cooperation technique (such as space-time coding) is adopted instead of simple repeated coding. We take the throughput of SPR as the baseline and compare the throughput gain of all the other schemes. We solve all linear programs using CPLEX [14] . We do simulation under two different types of topologies, first is an illustrative topology, and the second is random topology.
A. Illustrative Topology
First, we evaluate the performance of different routing schemes on illustrative topology shown in Fig. 3(b) . Assume that the transmission range is 100 units and interference range is 200 units. The data rate is 6, 12, 18, 24, 36, 48, 54Mbps, according to IEEE802.11a standard. There are 10 existing flows from node A to E along the route A B D E. Another 10 flows from F to B are required to access. The traffic demand for each flow is 1 unit. The simulation shows that the throughput gain of CAR-AB and CAR-X over SPR-CODE is 0, while that of CNCR-AB and CNCR-X is 35.4%, and that of CNCR-syn is 62.7%, which is in accordance with the analysis in Section II.
B. Random Topology
In this section, we run various routing schemes on randomly generated network topology. The positions of the nodes were chosen randomly in a square of side 400 units. The communication range of each node is set to 100 units and interference range is set to 200 units. The transmission rate can be chosen from 6, 12, 18, 24, 36, 48, 54Mbps, according to IEEE802.11a standard. The received power threshold and corresponding maximal distance for each rate in this simulation is shown in 5 shows the throughput gain compared with the shortest path routing for increasing number of flows. The traffic demand of each flow is 1 unit. Each node in the figure is an average of the results in 10 random generated networks. We vary the number of traffic demands from 10 to 300. The source and the destination for each flow are chosen at random. There are 15 nodes in total. We can see that on average, CNCR-AB can achieve 15% throughput gain compared with SPR, while CNCR-X and CNCR-syn can respectively achieve 50% and 70% throughput gain. Compared with CAR-X, CNCR-X can still achieve 20% throughput gain on average, it is brought by the higher transmitted rate cooperative network coding provided. With the increase of traffic demand, at first, the throughput gain of both CAR and CNCR increases, then to some extent, the gain of CAR-AB begin to decrease as the network is saturated. However, CNCR-AB and CNCR-syn are still keeping on increasing as higher data rate provided by cooperative communication can provide more system capacity for the traffic demand. Fig. 6 shows the throughput gain of various routing schemes for increasing average node degree in network topology. For the point corresponding to average degree 3.3 in Fig.  6 , we set the total node number to be 12 and random generate several network topologies, choose 20 of them whose average node degree is between 4 and 5, run each routing schemes and calculate the average of the 20 simulation results. The same thing happens for other three node degree point with the total node number set to be 15, 17 and 20. We can see that with the increase of node degree, there is no obvious distinction for the gain of CAR-AB and CNCR-AB, that's because with AliceBob structure, network coding doesn't require high node density to create coding opportunity. However, with larger node density, the chance to do network coding with X-structure increases, therefore the gain of CAR-X increases with that of node degree. Dramatic throughput gain is brought by cooperative network coding when the node density is high, because in that case, the chance to find a suitable cooperative node is increased, so, the performance of CNCR-X and CNCR-syn is really attractive under such networks.
In Fig. 7 , we show one of the random networks. Under this network, the performance of CAR-AB and CAR-X is comparable to that of LP-CODE without opportunistic listening and with opportunistic listening shown in the example in [8] . We calculate the throughput gain of various routing schemes under this topology and the result is shown in Fig. 8 . We can see that comparing CAR-AB, CNCR-AB can achieve more than 5% performance gain. Comparing with CAR-X, CNCR-X and CNCR-syn can achieve 20% and 10% on average. The result shows that, although, network coding aware routing has explored a lot of performance gain compared with traditional network, cooperative network coding aware routing can further improve 20% gain, which is brought by spatial diversity, opportunistic listening, cooperation and coding.
VI. RELATED WORKS
The idea of network coding comes from the pioneering paper by Ahlswede et al. [1] , which introduced the concept of network coding, indicating that the maximum multicast throughput can be achieved through network coding. This work has started an active research direction of network coding, involving research of various areas, such as information theory, coding theory, graph theory, optimization algorithm, and so on. In recent years, there are significant research interest about introducing network coding to wireless applications [2, 3, 4] , where the shared nature of the wireless medium proposes a natural opportunity for network coding, not only in the multicast case but also in the unicast case. Theoretical studies [15] had demonstrated that applying network coding to wireless network can improve the system throughput, minimize energy and alleviate the system congestion. Meanwhile, Katti et al. [2] developed a practical network coding architecture COPE to demonstrate the benefit of applying network coding in wireless networks. From their results we can see that COPE can increase the system throughput by 5% -400% in different traffic environment.
To fully exploit the performance gain generated by network coding, coding-aware routing concept has been proposed to proactively change routing of flows to create more coding opportunities. In [6] , the authors defined a new metric ECX that captures the expected number of coded transmissions needed for successful packets exchange between two nodes via an intermediate node. Based on ECX, they further formulated the optimal coding-aware routing as a linear programming problem given the delivery probability and traffic intensity between each node pair. Sengupta et al. [7] presented an analysis of the throughput improvements obtained by COPE-type network coding in an optimization framework, meanwhile they also advocated a coding-aware routing and conducted the throughput analysis about it. Very interestingly, they studied the tradeoff between routing flows "close to each other" for utilizing coding opportunities and "away from each other" for avoiding wireless interference. The above mentioned work requires the global knowledge of network topology and traffic distributions, which is hard to maintain up to date. A protocol called BEND is proposed in [8] , which combined the features of network coding and opportunistic forwarding in 802.11-based mesh networks to create more coding opportunities in the network. This protocol bends the routes locally and dynamically to attain better coding opportunities.
All the above research assume that there is only single rate in wireless networks, where the link-layer rate adaptation feature has not been exploited. As we know, most commodity wireless cards support rate adaptation, which can dynamically select a proper modulation scheme depending on channel conditions. To the best of our knowledge, [16] is the only work that investigated the impact that the use of rate-adaptation for link layer broadcasts may have on the performance of network coding. In this paper, the authors conducted extensive simulaThis full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE INFOCOM 2009 proceedings.
tion to evaluate the relative performance of network coding algorithms vs. pure routing-based broadcasting strategies in multi-rate wireless networks. As we also shown in the motivated example (Section I), with multi-rate wireless network, coding may not always be a wise decision as the lowest rate among all the neighbors has to be selected for coded packet broadcasting.
With another completely orthogonal direction, cooperative communication is a powerful technology combating signal fading due to multi-path propagation in wireless medium [11, 12] . Recently, there are some studies incorporating network coding in cooperative communication to form network coded cooperation (NCC) schemes. Bao et al. [17] proposed a cooperation scheme termed adaptive network coded cooperation, the idea of which is to match network-on-graph with the codes-on-graph to construct efficient linear network codes accounting for the changing and lossy nature of wireless networks. In [18] the authors investigated the diversity gain offered at high signal-to-noise ratio by applying network coding to a wireless network, which contains distributed antenna system as well as one that supports user cooperation between users. In [19] , a network-coded cooperation scheme with dynamic coding mechanism (DC-NCC) was proposed. In DC-NCC, the relay dynamically adapts forming the network-coded data based on the observed instantaneous source-to-relay channel quality, and then forwards the network-coded data towards corresponding destinations.
Different from all the existing works, our paper is the first to investigate the performance of coding-aware routing for unicast traffic in multi-rate wireless environment. Observing that the lowest-rate link becomes the bottleneck for the performance of coded packet broadcasting, in this paper, we explore the cooperative network coding to improve coding opportunities for unicast transmissions.
VII. CONCLUSIONS
In this paper, we discuss how to exploit cooperative network coding for route selection in multi-rate wireless networks. Recent research studies have proven that network coding is a promising technique to improve network throughput in wireless networks. Thus, coding-aware routing, which decides transmission route by taking the network coding opportunities into consideration can achieve better performance under single rate environment. When considering the multi-rate feature that has been defined in many wireless standards, more packets coded together and broadcast to more neighbors may not be a wise decision as the lowest rate among all the neighbors has to be used for coded packet broadcasting and become the bottleneck for the overall system performance.
We adopt cooperative communication technique in this paper to exploit spatial diversity so as to improve coding opportunity in multi-rate wireless environment. Theoretical formulation has been provided to calculate the maximal throughput of unicast traffic that can be achieved with cooperative network coding in a multi-rate wireless networks. CNC-aware routing under both Alice-Bob and X-structures are discussed in this paper. The performance evaluation demonstrated that a route selection scheme that leveraging cooperative communication to improve coding opportunity leads to higher end-toend throughput.
